I. INTRODUCTION

I
NCREASING PRESSURE to dispose safely of the everexpanding quantity of anthropogenic waste materials has been challenging the competency of human technology. Regulated ocean dumping of industrial wastes, sewage sludge, dredged materials, and other materials has been practiced in recent years. Concurrently, ocean-dumping research and monitoring have commenced.
Using stoichiometric equilibrium models, it has been thought that because of the volume of the earth's hydrosphere-about 1.4 X 1021 1-the concentration of harmful pollutants in the ocean could be diluted to harmless levels. This volume gives an upper theoretical limit of ocean dilution capacity after equilibrating the pollutant input for several thousand years. To illustrate the limit of the ocean's dilution capacity, consider the amount of mercury present in the ocean. The ambient mercury concentration is about 5 X lo-* g Hgll [ l ] . Therefore, the total mercury in the ocean is 70 million tons. Anthropogenic doubling of the mercury content in the ocean is possible and, if it occurs, constitutes an ocean-scale pollution problem.
Since the density structure of the ocean is multilayered, as in a stack of onion skins, localized pollution can linger on rather than being dispersed rapidly. Once we ocean dump harmful substances, we naturally wish to see them dispersed and diffused rapidly, and thus minimize catastrophic damage to marine life, the environment, and human life. However, in reality, this does not always occur. Scientific attention obviously is needed here.
On October 28, 1972, the Marine Protection, Research, and Sanctuaries Act of 1972 (F'ublic Law 92-532), commonly called the Ocean Dumping Act, was enacted by the U.S. making the unregulated ocean dumping of harmful substances unlawful. Concurrent with the enactment of the Ocean Dumping Act, a comprehensive and continuing program of monitoring and research on the effects of ocean dumping was initiated. It is not necessary to emphasize the need for close cooperation among politicians, industrialists, fishermen, environmentalists, administrators, engineers, and scientists on ocean dumping. What must, be clearly emphasized is that important and decisive societal decisions must keep pace with our growing knowledge of processes governing those anthropogenic events called ocean dumping.
The utility of precise and accurate ocean-dumping research and monitoring data is fir reaching. The scientific data we produce now can be used not only for the regulation of presentday ocean-dumping activities ( Fig. 1 [2] ), but also for future accidental events which, because of inadvertent circumstances such as hurricanes and other natural catastrophes, will occur even long after legal cessation of dumping.
Unlike simulated oil-spill experiments, ocean-dumping events involving millions of liters or millions of kilograms of wastes are common occurrences at present, and can be consid-US. Government work not protected by U.S. copyright ered large-scale experiments at sea. If we are intelligent and decisive, we will use current regulated ocean dumping as an opportunity to learn and prepare for future inadvertent dumping events. Because all dumping of unreasonably harmful industrial and municipal wastes off the U.S. coast is to be terminated by December 1981, we have only four more years for study at sea.
STRATEGIES
To understand all the important processes that occur during ocean-dumping events, we must carry out characterization studies of waste sources and dumpsite environments that include their biology (including both short-and long-period studies), chemistry, geology, and physics. The axiom that the "solution to pollution is dilution" can be examined through dispersion and dilution studies of wastes at sea to learn the dynamics of waste movement in the ocean.
Based on that information, we can hypothesize and/or ascertain the processes governing ocean-dumping events, which can be fieldtested and developed into ecosystem models. The studies required for this modeling include source function characterization, environmental characterization, biota impact studies, waste dispersion studies, and the establishment of environmental quality indexes.
A. Source Function Omacterization
Unlike catastrophic marine-pollution events for which sufficient advance notice is not possible, ocean-dumping studies offer an opportunity to determine scientifically the contents of wastes before they are ocean dumped.
This point is very important because, using this advance knowledge, we can design our studies realistically, such as in the selection of at-sea analytical methods and instrumentation.
Chemical characterization includes determining the composition and amounts of the wastes, and the physical chemistry and toxicity of the waste components.Physicalchemistrystudies include examination of ionic and molecular structures. Toxicity determinations often are in the form of bioassay tests made on living organisms. It must be understood that the toxicity of a substance is dependent on its molecular or ionic structure and the kind of biota exposed to it, and that toxicity is not necessarily governed by the total concentration of toxic substances. For instance, with nitrogen compounds in the ocean, high ammonia content can be harmful to fauna, yet at the same time can be beneficial to flora.
B. Environmental Characterization
For the past century, oceanographers have been active in describing the ocean, and, however imperfectly, much oceanic climatology has been developed and understood. For instance, Gulf Stream eddy formations are reported weekly, based on temperature data gathered from satellites (remote sensing) and ships (expendable bathythermographs). By careful analyses of temperature, salinity, and other variables, subsurface water movements can be determined.
Environmental characterization for ocean-dumping research must develop upon this knowledge, focusing upon ranges of change in space and time. Such studies may include monthly or seasonal water-mass characterizations, biota distribution, current patterns, and thermocline dynamics.
It is futile to attempt to characterize a dumpsite solely by one or two field expeditions. Conversely, it is economicdy inefficient to have scores of cruises per y e a . Remote aerial sensing and continuous monitoring by moored and drifting arrays, therefore, become very attractive methods for establishing ranges of oceanic variances. Aerial sensing has an additional advantage in that it enables us to track water masses upstream and downstream as they enter and leave dumpsites.
C Biota Impact Studies
The impact of wastes upon biota can be acute as well as harmful and short as well as far reaching in time.
In any oceanic area, there are many kinds of organisms in the ecosystem. Research strategies must be directed toward the various individual species as well as the community as a whole.
When considering an individual species, various stages of its life cycle must be examined to elucidate its strength and vulnerability at each period. For instance, if a species is most adversely affected when it is being hatched, then any waste dumping at that stage should be discouraged.
Impact on the biological community as a whole can be estimated by determining how the waste mixes with the existing natural community. Different organisms w i l l be affected to varying extents; thus the relative vulnerability among different species must be measured.
A practical tool for estimating waste impacts on the biota is the concept of indicator species. However, the selection of indicator species is not an easy task. The most abundant organism may not be suitable because its abundance may be partly due to its immense adaptability to environmental changes that include the waste impact. Conversely, the rarest species may not be suited for the waste study even if it is sensitive to the waste, because of the difficulty in obtaining a sufficient number of organisms and keeping them alive. Some organisms which are sufficiently abundant, though not the most numerous, and yet sensitive to the wastes, may become the best indicator species.
The Ocean Dumping Regulations and Criteria issued by the Environmental Protection Agency (EPA) [3] defines what we can consider as interim indicator species. For "appropriate sensitive marine organisms," they require one species each that is representative of phytoplankton or zooplankton, crustacean or mollusk, and fish species chosen from among the most sensitive species documented in the scientific literature or accepted by the EPA as being reliable test organisms to determine the anticipated impact of the wastes on the ecosystem at the disposal site. For "appropriate sensitive benthic marine organisms," at least one species each, representing filter-feeding, deposit-feeding, and burrowing species, are to be chosen from among the most sensitive species accepted by the EPA.
D. Waste Dispersion Studies
Current and diffusion studies are important topics in modem physical oceanography. Theoretical studies accompanied by laboratory and field observations have greatly ad-vanced our understanding. For example, the placement of moored current meter arrays in the Arctic Sea, as well as across the Drake Passage, yielded continuous current data for more than a year regardless of ice coverage at the sea surface.
This type of work aids in understanding and studying waste dispersion. Additional variables which must be considered are initial density difference, waste states such as whether the waste is liquid or solid, and the reactivity of wastes when contacting seawater.
The following examples illustrate these variables.
Until 1977, sodium metal was dumped in the Gulf of Mexico. When the metal was dumped, sodium reacted with water to form caustic soda as shown:
moored arrays with effective sensors stationed in and around the dumpsites may become more productive and cost-effective than present methods. There may also be other means which have yet to be explored.
E. Establishment of Environmental Quality Indexes
As we advance in ocean-dumping research and monitoring, we comprehend intrinsic relationships among variables that lead us to assess and predict effects of ocean dumping. Hopefully, some key indexes of environmental qualities, when determined accurately, suffice to assess and predict the dumping impact correctly.
In theory, to solve for a given number of unknowns, we need only to establish the same number of equations or relationships. For one unknown, our requirement in theory is to The hydrogen gas, H2, escaped to the atmosphere establish a single sound equation. When we consider the dumpwhere it exploded. The introduction of sodium hydroxide ing impact as our unknown, some of the items in the equation elevates the pH of seawater at the dumpsite. Thus it is possible may be taken as the key environmental quality indexes, and to form magnesium hydroxide and calcium carbonate precipi-may include new bioassay tests. The establishment Of the tates locally: uation, the relationship which arises from intelligent scientific investigation into the processes associated with Ocean
Since the sodium ion is the major cation of seawater, its addition by sodium metal dumping is inconsequential. However, both precipitates formed will remain in the water, possibly sinking, until enough seawater interacts with them to lower the pH. Therefore, tracing ihese solid substances until their disappearance could establish a means to study the dispersion of the compounds.
Another example is the dumping of dissolved iron in an acidic solution. The ionic iron, Fe3+, reacts with the hydroxide, OH-, of seawater, producing iron hydroxide, Fe(OH)3, as a precipitate. Since iron hydroxide is quite insoluble in seawater, it can be tracked at sea for many hours.
Our present strategy for studying waste dispersion is to examine the physical nature and density of the wastes. If the waste under examination is heavier than seawater, as is the case for dredged materials, the dispersion and accumulation of the material above the sea floor, along with its path through seawater, are scrutinized. Submersible research vessels which have sampling and acoustic waste tracking capabilities can be used. Sea-surface research platforms may be used in lieu of the submersibles for the same purpose. When the particular waste under study contains appreciable suspended matter, its dispersion pattern can be monitored acoustically from surface ships. Often, two ships are used to obtain a better image of the waste dispersion. When the wastes do not contain solids, they are labeled with a tracer, such as dye, and the dispersion pattern is determined by water sampling and remote sensing.
Because of the limited manpower and monetary resources available for ocean-dumping studies, cost-effective strategies must be sought continuously. The expense and limitation of one means must be compared with others.
For instance, a research ship may cost 6000 dollars a day to operate, and may visit a dumpsite only briefly.
As our technology advances, dumping, must be encouraged in our quest to assess correctly the nature of the impact of ocean dumping.
111. TOOLS In our study of ocean dumping for waste disposal, some of the major concerns are: 1) where does the waste go, 2) how is it concentrated, and 3) for what period of time do given concentrations persist? A number of tools are available for sophisticated field observations of dumping. These can be combined with mathematical models to develop quantitative and qualitative pictures of overall processes.
A. Aerial Remote Sensing
The National Aeronautics and Space Administration (NASA) has been active in ocean-dumping research, mapping water quality by remote sensing [4] . The most useful data to date have been gathered by aircraft through the use of photography and multispectral scanning. NASA used their 11-band Modular Multispectral Scanner (M2S) with some sea-truth data for calibration (Fig. 2) . The M2S system has 1 1 bands in the visible, near infrared (IR), and thermal spectral ranges. Ten bands are in the 380-to 1060-nm range, and the thermal sensor responds in the range of 8000-15 000 nm.
Photographic and multispectral scanner data are interpreted by two methods. First, pollution features are located, mapped, and identified qualitatively (Fig. 3) ; second, quantitative analyses are carried out in which concurrent sea-truth data are used to calibrate the remotely sensed data. The qualitative analyses use a field calibration technique based on the ratio of radiance values in the pollutant plume, divided by radiance values of the cleaner waters surrounding the plume. From those measurements, it has been determined that specific wastes have unique signatures. Acid waste peaks in the 550-to 650-nm range, for example, while sewage sludge peaks around. 700 nm (Fig. 4) .
LANSAT data are presently being scanned to see if they can be used for ocean-dumping research. A problem that may arise with the satellite data is that they are often not available over water because the satellite is deactivated during openocean transits. Satellite information from NOAA-5 is being used to track the location and movement of oceanic warmcore eddies which traverse a major dumpsite, but this satellite, using infrared imagery, has little use in tracking ocean waste disposal. Future satellites and equipment should prove to be valuable in monitoring the ocean because of their wide coverage. The problem with all airborne remote sensing is their shallow penetration and their dependence on both sea state and visibility. Even with these problems, the remote sensing data gathered by R. Johnson and others at NASA are very reliable. 
B. Moored Arrays
In the near future, we plan to use moored arrays to gather information, using sediment traps, ion-exchange columns, and other techniques (Fig. 5) . Present technology does not allow convenient deployment and removal of the upper 200 m of a mooring. At present, the entire array must be retrieved, and a new array deployed. This is not practical in the long run due to the anticipated 1-to 2-month deployment time and the requirement for a large platform for redeployment of the large anchors. The use of large vessels makes the cost enormous. The feasibility of changing just the upper 200 m of a mooring is now being studied. In situ ion-exchange columns are being designed by D. Kester of the University of Rhode Island. Sediment traps are already available, although no universal design exists. Data gathered from moorings, both inside and outside the dumpsite, could be used to monitor the waste dispersion and settlement rates. Universal design of equipment, such as ion-exchange columns and sediment traps, is needed to make data collected by different investigators compatible. 
C Acoustical Trucking
tories (AOML) in Miami, and M. Orr of WHO1 [SI.
The acoustic system used consists of transmitters, receivers, recorders, and transducers (Fig. 6) .
The transmitters consist of digitally programmable synthesizers driving switching-type power amplifiers. Two frequency ranges are presently employed, 15 to 25 kHz and 150 to 250 kHz. The transmitters are each capable of 1-kW pulse power output over the frequency range into a tuned load. A transmit/ receive (T-R) network is provided to separate weak echo signals and protect the receiver from high-energy transmit pulses.
Receivers are tunable over the 10-300-kHz range. The receivers are the superheterodyne type, having an intermediate frequency (IF) of 455 kHz. At t h i s IF, a large variety of bandpass fdters, ranging from 2 kHz or less to over 30 kHz, are available. The front end consists of a broad-band low-noise preamplifier with provision for externally attached fdters, if necessary. In general, the image frequencies are so far removed from the operating frequency that, except in extremely noisy environments, no front-end tuning, other than the resonant transducer, is needed. A doubly balanced mixer and a digital frequency synthesizer w i l l provide heterodyning up to the IF. At the IF, time varying gain will be applied to the tuned amplifiers. The amplifier chain is tapped one stage before the output, resulting in two outputs which differ by approximately 25-30 dB, and which are available for simultaneous recording to improve useful dynamic range. The signals are recorded at different gains on magnetic tape for detailed analysis ashore. Graphic recording is used for real-time analysis of both the 20-and 200-kHz signals. Both frequency displays are synchronized so that no error is possible in comparison due to improper matching (Fig. 7) .
The system works well in tracking particulate waste, but difficulties arise in the evening hours when the deep-scattering layer caused by biological activity rises into the waste zone. Differences between zooplankton, phytoplankton, and veryfine-grain detritus introduced into lakes by rivers can be determined acoustically [6] . It should, therefore, be possible to determine the acoustic signatures of wastes by filtering out background signals.
The major advantage that acoustics have over other methods is in providing a continuous vertical distribution of the wastes. Fluorometric and transmissometer methods see waste only at the depth of the sensor or at the depth of the hose which pumps the water to the sensor. The use of acoustics is preferable to transmissometers because acoustics can be used to differentiate between animate and inanimate objects. Acoustics are also better than a fluorometer since no dye needs to be added.
Future analyses of acoustical information could help measure water structure phenomena such as internal waves and temperature, as well as density layers. Later developments will hopefully make it possible to sweep a frequency range rather than use discrete frequencies.
D. Underway Water Sampling System
Quantitative measurement of waste concentration by acoustic methods is possible if the signals are calibrated against an analysis of water samples. An underway water sampling system is being developed to gather the needed water samples.
This system is being developed by M. On and C. Winget of WHOI, and was used successfully in July 1977. The system consists of a winch equipped with slip rings and a six-port rotating distributor, 100 m of faired cable and tubing, and an underwater six-port sampling probe (Fig. 8) . The cable and tubing arrangement are enclosed in a fairing approximately 20 cm wide. The probe is 5.2 m long, with six sampling ports 1 m apart:The upper part of the probe has a torpedo-shaped fish that houses six pumps, as well as temperature and depth sensors. The lower end of the probe is weighted for stability. The probe can be raised and lowered while underway at a speed of 3 knots. The entire system is made of Teflon tubing with the exception of the polypropylene pump housing. Construction is such that uncontaminated water samples can be obtained for trace metal and organic chemistry analysis. The system has a volume of approximately 5 I/& through each of the six tubes. The system is presently very bulky and hard to handle aboard ship. Its installation requires much prior preparation for mounting the drum winch, and the semiflex- ible probe is difficult to deploy. A single pump unit that could be maneuvered and controlled from the surface would be an asset if the system could be made so as to be easily installed and readily deployable from any oceanographic platform.
In its present configuration, the system is of great value in sampling from those areas of interest as seen from the acoustic Signals.
E. Biological Monitoring Devices
The effect of dumping on the ocean as a habitat is one of our main concerns. Over the past three years, EPA has contracted development of in situ devices known as Biotal Ocean Monitors (BOMs) (Fig. 9) . The devices, used to hold marine organisms in waste plumes to measure effects of pollutants upon the organisms, were developed by W. E. Pequegnat of Tereco, Inc., College Station, TX. They consist of compartmented enclosures for benthic and pelagic organisms, which can then be analyzed after given periods of exposure.
F. Mathematical Modeling
There are many variables which determine waste dispersion, and field determinations are complex and inadequate by them-selves. To tie together and properly interpret field data, model development is needed. Models such as that of Koh-Chang [7] would predict vertical and horizontal dispersion as affected by: 1) density discontinuities in the water column, 2) waste characteristics and dumping technique, and 3) vertical shear structure in the water column.
A model for industrial wastes that we are working with is presently being developed by G. Csanady of WHOI. His approach uses the similarity of a waste plume to an atmospheric chimney plume and shares the assumption of simple ambient flow. Of course, there are many complications in the stratified marine environment, where it is to be expected that a quantity of waste which initially has some negative buoyancy will eventually reach an asymptotic level, much as buoyant chimney plumes do in a stratified atmosphere. The intensity of vertical sinking motions gives way to passive travel of the waste with ambient waters. The large differences of horizontal velocity (shear) known to exist in the upper thermocline are certain to dominate the horizontal dispersion of waste once in its passive travel phase.
The methods of development will be as follows: In Phase 1, mixing will be characterized by the use of parameters such as entrainment into a plume, with an entrainment velocity proportional to the relative velocity of the cloud with respect to ambient water. This is a method standard in buoyant plume theory and was developed by G. I. Taylor [8] . In Phase 2, vertical mixing will be characterized by the use of parameters such as eddy diffusivity and the shear flow convection diffusion equation solved with the aid of the "moment method" as in Csanady's earlier works [9] .
IV. DISCUSSION
Remote sensor development seems most advantageous due to wide coverage and small manpower requirements. Moorings can be used as a continuous monitoring technique and even to warn of contamination of the open ocean.
At the inception of a new area of concern, such as ocean dumping, there should be close communication between engineers and scientists. This coordination must be early in the program to take advantage of present technology and to identify major areas where gaps in instrumentation exist. It is also important to develop a basic standard design and examine the utility of what is already available. Engineers and scientists often gather and process identical information through diverse 171 and uncoordinated efforts. Although their paths usually cross eventually, it is often far in the future. Since we may not have the time to wait for this natural crossing of thought-and coordinated efforts are needed now-we must integrate the thought processes of engineers and scientists at the onset.
Though a close working relationship, indexes for monitoring ocean dumping must be identified. Once identification is made, efficient methods must be implemented for data acquisition and processing. This data acquisition must give a repeatable and precise product, and can be accomplished through the use of universal basic instrumentation design and the standardization of calibration and processing of information.
